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INTRODUCTION
In a porous media such as so il, water content changes in a cyclic 
nature. That is , in some regions of the so il, water is absorbed while 
at other locations i t  is being desorbed. In such a hysteretic flow 
system, the water content at a corresponding suction or pressure head 
depends upon previous absorption and desorption cycles. As a result no 
unique relationship exists between water content and pressure head. To 
complicate matters s t i l l  further, an in fin ite  number of desorption and 
absorption scanning curves are possible.
In the past, the effect of hysteresis on soil moisture redistribu­
tion was avoided by considering the system as either entire ly absorbing 
or desorbing water. To simulate natural conditions, this phenomenon 
was incorporated into the unsaturated soil-water flow model (Bresler et 
a l . ,  1969; Hanks et a l. ,  1969; Staple, 1970). I f  hysteresis effects 
result in large differences in water contents, then the revised flow 
equation should give improved results.
Past studies by Sharma and Uehara (1958) have shown the existence
y
of hysteresis in two highly aggregated Oxisols (Molokai and Wahiawa 
so ils ). These soils are texturally clay, but their water retention 
characteristics are similar to that of graded sand at low suctions.
The present study is a more detailed analysis of the hysteretic nature 
of water in these two Oxisols. Hysteretic data are required for accurate 
prediction of the movement of water from mathematical models.
The objectives set forth are as follows:
(1) To measure the hysteretic relationship between water con­
tent and suction in the inter-aggregate void spaces for
both Molokai and Wahiawa so ils.
(2) To test the modified equation (GiIlham, 1973) of King
(1965) to describe and predict the hysteretic behavior 
of water in both Oxisols.
\
\
REVIEW OF LITERATURE
Soil-Water Hysteresis
The existence of soil-water hysteresis has been well documented by 
earlie r studies of Haines (1930), Smith et a l . (1931) and Richard (1938). 
Basic analyses of this phenomenon in porous media were conducted by 
M iller and M iller (1956), Collis-George (1955), Young (1960), Staple 
(1969, 1970), Poulovassilis (1969, 1970), Ph ilip  (1964), Topp and M iller
(1966), Bomba (1968), Sharma and Uehara (1968), Talsma (1970), Topp 
(1969, 1971a, 1971b) and Smiles et a l . (1971).
Three generally accepted postulates causing soil-water hysteresis 
are as follows:
1. The so-called "blocked pore" or "ink-bottle effect" due 
to the geometric nonuniformity of the individual pores.
2. Contact angle differences between water and soil during 
the absorption and desorption processes.
3. The effect of soil-water film thickness on the formation 
of a "hemispherical" meniscus at the "opening" of a pore.
Of the three, postulate (1) is considered to be more prevalent 
(Collis-George, 1955). Consequently, hysteresis would be expected to 
be much more pronounced in coarse-textured (Hi 1 le i ,  1971) and in aggre­
gated (Sharma and Uehara, 1968) soils than in fine textured so ils .
Soil-water hysteresis is further complicated by the influences of 
entrapped a ir , temperature, biological ac tiv ity , solute concentration 
and swelling, shrinking or aging phenomenon. Any changes in the physical 
and chemical properties of the soi 1-water system may have a significant 
effect on the magnitude of soil-water hysteresis. Complete discussions
of the aforementioned causes and factors affecting hysteresis have been 
presented by Topp (1964) and Davidson (1965).
Mathematical Simulation of Hysteresis
Earlie r attempts to mathematically describe hysteresis has been 
limited to the application and testing of the independent domain theory 
formulated separately by Everett (1955) and Enderby (1955). The hypo­
thesis enabled absorption and desorption scanning curves to be determin­
ed from absorption or desorption curves. The la tte r  was obtained by 
adopting an arbitrary but plausible form of the normalized distribution 
density function. Good agreement between predicted and measured data 
was found for a glass bead medium (Poulovassilis, 1962) and for sand 
(Talsma, 1970; Poulovassilis, 1970). In contrast, however, studies by 
Morrow and Harris (1965), Topp and M iller (1966), Bomba and M iller (1967), 
Topp (1969, 1971a) and Vachaud and Thony (1971) have shown that the 
model was inadequate for media ranging from glass beads to clay loam 
s o il .
The independent domain theory of hysteresis depended on the assump- 
tion that pore space can be divided.into discrete volumes each of which 
drains and f i l l s  independently of the state of other pores. In the 
real situation, soil pores are usually inter-connected by a network of 
other pores, and the behavior of one pore is dependent on the state of 
the neighboring pores. Such pore interaction was suggested as the 
reason for the failure of the theory to describe hysteresis accurately 
in porous media. Everett (1967) extended the independent domain theory 
to allow one type of pore interaction to occur, and Topp (1971b) made 
allowances for two types of pore interactions. Both researchers found
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improvements by accounting for interactions, but the model could not 
adequately predict hysteresis precisely over the suction range of their 
data.
An alternative model, proposed by King (1965) and subsequently 
modified by Gillham (1973), described hysteresis with a single function 
and provided the possib ility of predicting hysteresis scanning curves 
from existing water characteristic data. No physical mechanism or in ter­
action was assumed or suggested by this model. The model is principally 
a curve f itt in g  process based on the primary scan and at least one 
secondary experimental hysteretic scan. Both King and Gillham reported 
excellent results with water content errors of less than 2% between the 
experimental and calculated results. Gillham was able to predict a 
family of absorption and desorption scanning curves between the main 
scans.
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where e is the degree of saturation, <p the dimensionless pressure head 
(pressure head divided by the soil column length), and 0q, 6r> (}>o» 3 and 
e are curve f itt in g  parameters. Parameters 6o and 0p can be approximat­
ed at the lim its imposed on equation (1). In the lim it as approaches 
zero, 9 approaches 0o, the degree of saturation at zero suction, and as 
(j) approaches negative in fin ity , 0 approaches 0^, the residual degree of 
saturation. The degree of saturation at zero suction cannot be exp lic it­
ly  determined, but only approximated since the function is discontinuous 
at (() = 0. Three unknowns (Po, B and e need to be determined. The bound­
aries of the unknowns are (j)o<0, 3<0 and e>0. These three parameters
The mathematical 
0 = 00 cosh
model in the
.(<!>/(|^ o)? + e'
! dimensionless form is expressed as t 
- (coshe)(0o - 0r )/ (6n + 0r) . . (D
cosh .(4>/<l>o)'^  + e. + (coshe)(0o - 0r )/ {6o + Or)
determine the general curvature of the hysteretic function.
MATERIALS AND METHODS
The characteristic hysteretic water content-suction relationships 
were determined for two Oxisols. A cylindrical plexiglas container or 
permeameter was packed with air-dried soil of less than 2 mm diameter. 
Uniformity of packing was determined by comparing the bulk densities,- 
measured by gamma-ray attenuation, along the length of the permeameter. 
Thereafter, degassed water, with 0.1% phenol, was introduced into the 
soil system. Hysteretic main and scanning curves in the range of 0 to 
200 cm of suction were determined under isothermal conditions (22 ± 0.5° 
C). Suction was measured by either elevation differences or applied 
vacuum. Water content determinations were obtained from gamma-ray at­
tenuation methods.
A mathematical equation based on permeability studies of Gardner 
(1958) and King (1965) was employed as a means of storing large amounts 
of hysteresis data in the computer in a simple and useable form.
Gillham (1973) modified the equation proposed by King and was able to 
predict scanning curves along the main curves from both primary and 
secondary scanning data. \
Soils
Two Oxisols classified as a Typic Torrox (Molokai) and a Tropeptic 
Eutrustox (Wahiawa) were used in the experiment. Both of these soils 
were collected on the island of Oahu. Selection of these soils was 
based on: (a) their agricultural importance in the cultivation of
pineapple and sugarcane, (b) their use in previously related hysteresis 
studies, and (c) their sim ilar mineralogical and chemical properties.
but different micromorphological properties (T su ji, et a l ., 1974). Both 
soils are characterized by their high aggregate s tab ility  (Sharma and 
Uehara, 1968). The degree of aggregation and s tab ility  is greater in the 
Wahiawa soil (Cagauan and Uehara, 1965; Uehara et a l .,  1962). Table 1 
represents the experimentally determined aggregate s tab ility  analysis for 
the <2 mm diameter fraction of the Molokai and Wahiawa soils by the wet- 
sieving method.
Air-dried soils (30-60 cm depth) which were passed through a 2 rmi 
sieve were used in this study. For both Oxisols, packing of the <2 mm 
sieved soil material in the permeameter to a given bulk density results 
in a column of soil most nearly representative of the fie ld  situation 
(Southard, 1974).
Soil Column
The soil permeameter was fabricated out of a plexiglas cylinder 
having an inside diameter of 8.19 cm, 0.7 cm thick wall and vertical 
length of 20 cm. The top and base of a Tempe pressure cell^ unit were 
used to enclose both ends of the cylinder. A fritted  glass plate, with
y
an experimentally determined air-entry Value of 230 cm of water, was 
cemented to the base of the Tempe cell with silicone sealant^. In add­
ition to the 0-ring seated in the Tempe cell base, a rubber gasket was 
placed on the outer perimeter of the plate to ensure a water tight seal.
8
^Soil-Moisture Equipment Company of Santa Barbara, California, cat. no. 
1400.
^General E lectric  Silicone Seal, Silicone Products Department, Waterford, 
New York.
TABLE 1
Aggregate S tab ility  Analysis of 
Molokai and Wahiawa Soils in 
<2 mm Fraction
Diameter (mm) % Oversize
Molokai Wahi awa
.84 16.2 21.8
.42 43.7 55.7
.25 58.9 71.8
.10 77.9 85.1
<.10  100.0  100.0
log mean diameter
(mm) 0.31 0.45
\
A second outlet was constructed at the base to permit removal of entrap­
ped a ir , i f  any, under the porous plate.
Packing of Soil Column 
To eliminate higher bulk densities due to compaction at each end, 
plexiglas extension cylinders were taped to the top and the bottom of the 
soil column before loading the permeameter with so il. Air-dried soil 
was loaded through a funnel connected to a 120 cm long tube of 3.5 cm 
diameter. After the permeameter and extensions were f i l le d ,  a 200 g 
weight was placed on top of the soil at the open top end before vibrat­
ing the column with a modified hand engraver. The average bulk density 
was calculated from the soil weight and permeameter volume. After se­
curing the Tempe cell base to the soil column, the entire unit was 
placed on the gamma-ray column holder. The uniformity of soil packing 
was determined by comparing the bulk density at 1 cm intervals along 
the length of the column.
Flow System
Water flowing into and out of the cpnfined soil system could be
\
controlled and measured through the flow system diagrammed in Figure 1.
The air-dried soil was in i t ia l ly  saturated by cap illa r ity  with water
1
supplied from a Mariotte water reservoir, labeled reservoir (1 ). A 
graduated 25 ml buret was used in comination with reservoir (1) to ob­
tain precise volume inflow and outflow measurements. After the soil 
was saturated, valve ( 1) at the base of reservoir ( 1 ) was closed. 
Thereafter, the volume of both inflow and outflow were measured by two 
inter-connected 25 ml and 250 ml burets, labeled as reservoir (2).
10
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Figure 1. Water Flow System.
Pressure Measurements 
Suction was imposed on the system either by elevation d iffe r­
ence or by vacuum. The former was determined by the hydraulic head d if ­
ference between reservoir (2 ) and any given position of the stationary 
soil column which is described by the equation
h = -(z + L ) ......................................(2)
where h is the hydraulic head, or, in this case the pressure or suction 
head, z is the elevation difference measured in the upward direction, 
and L is any position along the length of the soil column. A vacuum 
pump^  provided an alternative means of imposing suction. Vacuum was 
regulated with a Cartesian manostat^, and suction was determined by the 
difference between mercury levels in a U-tube manometer. Equation (2) 
is applicable here by substituting the negative pressure value for z. 
Both hydralic head and mercury height differences were measured with a 
cathetometer^.
Times ranging from 10 to 48 hours were required for hydraulic 
equilibrium which was assumed to be established when there were no de- 
tectable changes in both the volume of water in reservoir ( 2) and the 
water content at each position.
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3Duo Seal Vacuum Pump, model 1405, Welch Sc ien tific  Company, Skokie, 
Il l in o is .
^Cartesian Manostat, model no. 6a, cat. no. 50-570-00, Manostat Corp.,
20 North Moore Street, New York, New York.
^Gaertner m-911 Cathetometer, Gaertner Sc ien tific  Corp., 1201 Wrightwood 
Avenue, Chicago, I l l in o is ,  60614.
Water Content Measurements 
Rapid and non-destructive water content measurements were made by 
gamma-ray attenuation methods. A complete discussion of the gamma-ray 
unit is discussed in Appendix A. The basic attenuation equation used 
was
r = Ioexp(-ycpcXc - ysPs><s - PwPwXwQ) . . . .  (3)
where subscripts c, s and w refer to the empty column, soil and water, 
respectively, I the attenuated intensity, I q the intensity at the gamma- 
ray source, y the mass attenuation coefficient of the attenuating mater­
ia l ,  p the density of the material, x its  thickness and e the volumetric 
soil-water content.
The mass attenuation coefficients of water and the two soils were 
determined experimentally. Using these values, volumetric water content 
values were calculated from gamma-ray attenuation data. Water content 
measurements were made at 1 cm intervals length of the soil column.
Hysteretic Measurements 
After packing the permeameter w ith,air-dried soil and measuring 
the gamma-ray intensities over the entire length of the permeameter at 
1 cm intervals, the soil was gradually saturated with water by capil­
la r ity . \
By adjusting the imposed vacuum, the soil-water content versus 
suction relationship could be experimentally determined for either the 
desorption or the absorption phase. After the in it ia l draining, the 
main absorption and desorption curves were traced over the suction 
range of 0 to 200 cm of water. Sharma and Uehara (1968) indicated that 
the influence of the inter-aggregate void spaces for both Oxisols was
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predominant within this suction interval. The main curves were repeated 
at least twice and periodically retraced. Assuming negligible changes 
in the pore geometry of flu id ity  of the permeating liquid, the main 
curves should be retracable after the in it ia l main desorption scan was 
completed. The main curves defined the hysteretic region between which 
an in fin ite  number of scanning curves could be drawn.
To determine absorption scanning curves, the soil was in it ia l ly  
drained along the main desorption curve and then rewetted from suction 
values less than 200 cm to zero suction. By following the main desorp­
tion curve and rewetting the soil at different suction values, a family 
of absorption scanning curves could be generated.
A sim ilar procedure was used to obtain the desorption scanning 
curves. The soil was drained to the maximum suction then rewetted at 
different points along the main absorption curve. Starting at a value 
less than zero suction, a desorption scanning curve was determined by 
gradually increasing suction to the maximum of 200 cm. All of the ab­
sorption scanning curves have a common end point at zero suction, while
the common end point for the desorption ^canning curves was the maximum
\
suction of the main desorption curve.
An IBM 360 computer was used to store and convert information 
corresponding to column position, suction, absorption or desorption 
history and attenuated intensities in terms of water content and suction 
data. An "eyeball" best f i t  curve was plotted through suction or pres­
sure head and soil-water content values for each scan. Points on the 
non-statistical best f i t  curves were used in the calculations to approx­
imate the curvature of the hysteresis relationship.
14
In it ia l approximations of (f)o and 3 can be obtained by explicity 
solving equation ( 1) for both ct)o and 3 such that
(|)0 = 4)/{ cosh-1 [(coshe)(90 - er)(eo + 9) - e ]} (4)
(60 + Sriieo - e)
and
3 = ln{cosh-1[coshe)(90 _ e r ) (9o + 9) - e ]} (5)
_________________( 6n + e r ) ( 9n -  0)
lnU/<|)o)
respectively.
Parameter e cannot be solved directly but can be approximated by
selecting values which w ill make the difference of
coshe - (9o - 9)(9o + 9 r)cosh[((})/(})o)^+ e] (6 )
(60 + 0 ) ( 6o - 6r)
approaches zero.
The three unknown parameters determine the general curvature of the 
calculated hysteretic function. By selecting two or more points which 
were representative of the general shape of a single experimentally 
determined hysteresis curve, values of (f>o> 3 and e could also be e s ti­
mated. However, since the three parameters were inter-dependent, a large
number of combinations of these three parameters were required in order
to numerically solve equation (1) for a single scanning curve. Computa­
tion time was decreased by roughly estimating the unknown parameters 
f ir s t  using the method described above. The calculated curve could then 
be compared to the experimental data by the difference of least squares 
method. This method minimized the sum of squares of the differences bet­
ween the calculated 6 as compared to the experimental 0. An iterative  
procedure which decreased the interval size between each of the estimated 
parameter values was then used to find a combination which yielded the
15
smallest least square value. Each scanning curve could then be charac­
terized by a set of values for 6q, 0^, (j)^ , 3 and e. Other scanning 
curves could be predicted from equation (1) i f  a functional relationship 
was shown to exist between 0 .^ and either (|>q or 3 for absorption and bet­
ween 00 and either (pQ or 3 for desorption.
16
RESULTS AND DISCUSSION
Experimental Hysteresis Data
Hysteresis data for the Molokai and Wahiawa soils are presented in 
Figures 2, 3, 4 and 5. Figures 2 and 4 are absorption scanning curves, 
and Figures 3 and 5 are desorption scanning curves for both so ils , res­
pectively. The data to be reported in this and the following sections 
are for a single given position or site  on the 20 cm long soil column for 
both so ils . For the Molokai so il, the position examined is 9 cm from 
the top while that for the Wahiawa soil is 10 cm from the top. The data 
at both of these positions are representative of all positions examined. 
Data collected at all position would be too voluminous to present here.
The number of scanning curves was limited to three absorption and de­
sorption scans because of the time (6 to 10 days) required to complete 
a single scan.
The Molokai soil was packed to a bulk density of 1.24 g/cc as
compared to 0.96 g/cc for the Wahiawa so il. This was due to an in it ia l
gravimetric water content of 22% for the Wahiawa soil as compared to the
\
4% for the Molokai so il. Both were air-dried for 14 days.
The difference in shape between both the desorption and absorption 
hysteresis curves of the Molokai and Wahiawa soils could be attributed 
to differences in bulk density due to packing. Furthermore, data present­
ed in Table 1 shows that the Molokai soil has a smaller log mean diameter 
than the Wahiawa. Hence, i t  may be surmised that the retention of water 
by the Molokai soil for suction up to 60 cm is a d irect consequence of 
its  higher a ir entry value which is related to intra-aggregate packing 
geometry of the soi1-water system of both Oxisols.
18
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i
Figure 2. Water Absorption Curves of the Molokai Soil (Typic 
Torrox) at L=9 cm. The solid line is the 
"eyeball" best f i t  curve.
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Figure 3. Water Desorption Curves of the Molokai Soil at L=9 cm.
Figure 4. Water Absorption Curves of the Wahiawa Soil (Tropeptic 
Eutrustox) at L=10 cm. The solid line is the "eyeball" 
best f i t  curve.
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Figure 5. Water Desorption Curves of the Wahiawa Soil
at L=10 cm.
Maximum differences in soil-water content due to hysteresis effects 
for Molokai and Wahiawa soils were 5% and 7%, respectively. For the 
wetting curves, data points tended to be variable as saturation was ap­
proached. An "eyeball" best f i t  line was drawn through these points.
After the in it ia l desorption from 0 to 200 cm of suction, the main 
absorption and desorption curves were determined. Both were found to be 
reproduceable. This is a good indication of the s tab ility  of soil aggre­
gates of both Oxisols and their ab ility  to maintain their packing con­
figuration with respect to inter-aggregate voids as both soils undergo 
cycles of wetting and drying. Before each secondary scan was determin­
ed, the reproduceability of both main curves was checked.
Experimental versus Calculated 
Comparisons between experimental curves and those calculated with 
equation (1) are graphically shown in Figures 6 and 7 for the Molokai 
so il, in Figure 8 and 9 for the Wahiawa soil and in .Figures 10 and 11 
for a sandy loam soil (Topp, 1969). The solid lines represent the cal­
culated curves. \
For each of the figures, the degree of saturation (volumetric water 
content in the case of Topp's data) could not be calculated for greater 
than -1.5. The quantity cosh[(<!)/cf)o)^ ] in equation (1) tends towards 
in fin ity  as the value of (}) approaches zero and hence, results in 
"overflow" in the IBM 360 computer output. Furthermore, at (f>=0, 6 can­
not be determined since equation (1) is undefined at that point. Between 
0 and 30 cm of suction (4> = -1.5 to 0), water content differences due to 
hysteresis were significant for both Molokai and Wahiawa so ils . This 
was especially evident in the Wahiawa soil and may be attributed to its
22
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Figure 6 . Calculated and Experimental Absorption Curves of the
Molokai So il.
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DIMENSIONLESS PRESSURE HEAD (CM/CM)
Figure 7. Calculated and Experimental Desorption Curves of
the Molokai So il.
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i
Figure 8 . Calculated and Experimental Absorption Curves
of the Wahiawa So il.
26
DIMENSIONLESS PRESSURE HEAD (CM/CM)
Figure 9. Calculated and Experimental Desorption Curves of
the Wahiawa So il.
Figure 10. Calculated and Experimental Absorption Curves of the Sandy Loam Soil
(from Tcpp, 1969). ro
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Figure 11. Calculated and Experirr.ental Desorption Curves of 
the Sandy Loam Soil (Topp's data).
lower a ir  entry value (T su ji, 1967). In this small pressure interval, 
the hysteresis data could be approximated by a straight line function 
where the slope and intercept would be the f it t in g  parameters.
From the general appearance of the computed curves in Figures 6 to 
11, a better f i t  between calculated and experimental was obtained for 
the desorption curves in comparison to that for the absorption curves. 
Analogous to experimental curves, calculated desorption curves tended 
to plateau at constant water contents corresponding to the maximum and 
minimum pressure heads of each scan. Calculated water content values 
for the absorption curves, however, continued to increase rather than 
to plateau at some constant water content as zero suction was approached.
The curve f ittin g  error was usually small for both absorption and 
desorption. The poorest f i t  of predicted to experimental occurred at 
the end points or "ta ils "  of the curves where the maximum water content 
error was 0.005 cc/cc. When data points on the "eyeball" best f i t  
experimental curve were used instead of actual experimental points, a 
smoother predicted curve was obtained. All experimental hysteresis 
curves could be adequatedly described by equation ( 1) once the fitt in g  
parameters and the linear approximation for 4»-1.5 were determined. Ap­
plication of this technique to Topp's data, resulted in an improved f i t  
of experimental to calculated data in comparison to the independent 
domain theory. Since more scanning curves could be obtained from Topp's 
(1969) data, functional relationships, i f  any, between the five curve 
f itt in g  parameters of equation ( 1) could be established as discussed in 
the following section.
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Parameter Relationships 
For the absorption process, Bq (approximated by the saturated water 
content) is a constant for the main and scanning curves and e^, the re­
sidual water content, is dependent on the water content at the point of 
departure from the main desorption curve. In the case of desorption, on 
the other hand, 0  ^ is constant and Oq is defined by the water content at 
the point of departure from the main absorption curve.
Parameters 0o and 0  ^ define the upper and lower boundaries of the 
degree of saturation or water content, respectively, for a single scan­
ning curve. The calculated scanning curve was forced through the upper 
boundary at 0q by equation (1). The parameters 3, 4>o and e determine 
the shape of that calculated curve and w ill be discussed in this section. 
Due to the nature of equation (1 ), the function yielded better calculated 
results for experimental data characterized by water content values 
which levels off to a constant water content at the " ta i l"  of the lower 
and upper boundaries of a scanning curve. I f  the data were different 
from that described, overestimation of water content resulted at these 
end points. The absorption and desorption calculated curves resulted in
V
sim ilar f itt in g  errors at the lower water contents. Calculated desorp­
tion curves, however, gave a better match than the absorption curves 
which may be attributed to the significant air-entry effects in the 
Molokai curves. Absorption water content values monotonically increased 
as zero suction was approached.
Any functional relationship between 0q and either 3 or 4>o for 
absorption and between 0  ^ and either 3 or (})o for desorption is of in ter­
est. I f  relationships between these parameters exist, then other scan­
ning curves can be predicted.
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Absorption Curves
A functional relationship between Gp and either 3 or 4>o was obtain­
ed from the experimental water content versus pressure head data of the 
Molokai and Wahiawa soils (Figures 12 and 13), The slopes were positive 
for 6p versus cj)o and negative for 0p versus 3 . These relationships were 
sim ilar to those obtained by Gillham (1973). With Topp's (1969) data, 
however, a non-linear relationship resulted when was plotted against 
either 3 or (pQ (Figure 14). Deviations from linearity  were generally 
observed when the shape of the experimental scanning curve tended to 
become horizontal. For scanning curves sim ilar in shape to the absorp­
tion curve, as in the case of the two Oxisols, the 3 or cJiq versus 0p 
relationship was linear. The non-linear relationship between these para­
meters for Topp's data could probably be described by either an exponen­
tia l or power function.
By allowing e = 0, 0q = 0s (at zero suction), 3 = f(0 r) and (j)o = f(0r) 
and by selecting 0p values along the main desorption curve, a family of 
absorption scanning curves could be generated with the use of equation 
(1).
Desorption Curves
For desorption, 0p was constant and a variable 9q was plotted
i
against either 3 or cf)o (Figure 15 and 16). Linear relationships, similar 
to those in Figure 12 were obtained for the Molokai so il. For the 
Wahiawa so il, the 0q versus 3 and 0q versus 4>q functions had greater cur­
vature and opposite (negative) slope, respectively, as compared to iden­
tica l parameter relationships for the Molokai so il.
Gillham (1973) reported non-linear relationships between 0q and 
either 3 or cPo for the sandy soil used in his study. Calculations from
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Figure 12. Absorption Fitting Parameters (Gp versus 6 or (jjo) of 
the Molokai So il. 6 is the solid c irc le  
and (j)o the open c irc le .
DEGREE OF SATURATION (cc/cc)
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DEGREE OF SATURATION (cc/cc)
Figure 13. Absorption F itting  Parameters (0^ versus g or (})o) of 
• the Wahiawa So il. 6 is the solid c irc le  
and (J>o the open c irc le .
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Figure 14. Absorption Fitting Parameters (0r versus B or (})o) of 
Topp's Data. 3 is the solid c irc le  and 
({>0 the open c irc le .
V O L U M E T R IC  W A T E R  C O N T E N T  (c c / c c )
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Figure 15. Desorption Fitting Parameters (6o versus 6 or 4)o) of the 
Molokai So il. 3 is the solid c irc le  and 
(jjQ the open c irc le .
DEGREE OF SATURATION (cc/cc)
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Figure 16. Desorption Fitting Parameters (Bq versus 6 or (|)q) of 
the Wahiawa So il. B is the solid c irc le  
and ({>0 the open c irc le .
Topp's (1969) data yielded sim ilar results (Figure 17). The plots of 
0Q and 3 or <()o were nearly identical in shape to those of Gillham's.
Deviation from linear regression of 0q versus either 3 or (})o in ­
creased as the shape of the scanning curves became more horizontal. By 
setting the fitt in g  parameters e=0, 3=f(0o). ‘^’o=f(6o)» ^r o^ the residual 
water content on the main desorption curve and by selecting a 0q (the 
water content at the point of departure from the main absorption -curve), 
a single desorption scanning curve was generated. All the desorption 
scans connecting the main curves could then be estimated.
Predicted Scanning Curves for the Molokai Soil 
Predicted scanning curves for both the absorption and desorption 
cycles of the Molokai soil are presented in Figures 18 and 19, respec­
tive ly . Three scanning curves were determined by pointwise solution of 
equation (1) for selected (cj),0) values, and by using estimated fitting  
parameters obtained from Figures 12 and 15. Except for the substitution 
of 0Q for 0y. or vice versa in equation (1 ), computation procedures to
determine scanning curves for both absorption and desorption were similar.
\
Hence, discussion of the absorption prediction procedure w ill suffice.
In the absorption process, e=0 and 6q=.8750 (0q=0 at saturation) 
for a ll scans between and including the main curve. The functional 
relationship between 0^ . and either 3 or ())q can be expressed as
3 = -5.214 0r + 2.180 (7)
and
({>0 = 14.88 0r + 16.62 (8)
from the experimental data in Figures 12 and 15, respectively. The de­
gree of saturation, 0, at the point of departure from the main desorption
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Figure 17. Desorption Fitting Parameters (Oq versus 6 or (Jjq) of 
Topp's Data. 3 is the solid c irc le  and 
4>q the open c irc le .
VOLUMETRIC WATER CONTENT (cc/cc)
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DIMENSIONLESS PRESSURE HEAD (CM/CM)
Figure 18. Family of Predicted Absorption Scanning Curves for the
Molokai So il.
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Figure 19. Family of Predicted Desorption Scanning Curves for the
Molokai So il.
D I M E N S I O N L E S S  P R E S S U R E  H E A D  ( C M / C M )
curve ( i .e .  the starting point of the absorption scanning curve) is
equal to 6 .^ Parameters 3 and can be calculated from equations (7)
and (8). When 6r=.8100, 3=-2.043 and cj)o=-4.567. After the five f itt in g
parameters have been determined, the scanning curve starting from the 
main desorption curve at (({)=-6.375, 6y.= .8100) can then be determined by 
using equation (1) to calculate values of 0, The symbol <p is the inde­
pendent variable having a range of -6.375 to -1.5. The result of these 
calculations are shown in Figure 18 as scan 1. The predicted fitt in g  
parameters for the Molokai absorption and desorption scanning curves 
(dashed lines curves in Figures 18 and 19) are tabulated in Appendix D.
The above procedure may be summarized as follows:
1. Obtain experimental main and at least one secondary scar­
ing curve for either the absorption or the desorption 
process.
2. Determine curve fitt in g  parameters 0q , 0^, (|)o> 3 and e for
each scanning curve by iterating equation (1) between a 
range of "good" estimates for each parameter.
3. Plot and obtain functional relationships of 0^  versus 3y
and 4)0 for absorption, and 0q versus 3 and 4)q for desorp­
tion. Parameters 0q and 0^  are assumed to be constants 
for absorption and desorption, respectively. As a good 
approximation, e can be assumed to be zero or close to 
zero in both processes.
4. Calculate 0 from equation (1) with the parameters deter­
mined in step (2). By choosing the independent variable
4> in a range between the boundaries of the main curves and 
calculating 0 for each 4>, a scanning curve can be generated.
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Calculated Hydraulic Conductivity
The influence of hysteresis on the relationship between hydraulic 
conductivity, K,'and suction is much more obvious that that between K 
.and 0 (Poulovassilis, 1970; Talsma, 1970; Topp, 1971b). Precise solutions 
of the unsaturated soil-water flow model require that the function K(0) 
or K(H) be known. I f  the relationships 0(H) and K(0) are known, K(H) can 
be indirectly determined.
The functional relationship K(0) can be calculated from 0(H) by the 
Kunze et al. (1968) method using main absorption and desorption experi­
mental data of the Molokai and Wahiawa soils (Figures 3 and 5), For the 
Molokai soil the two main curves were divided into nine equal intervals 
along the degree of saturation scale for 0 ranging from .76 to .89. The 
Wahiawa soil main curves were also divided into nine equal intervals for 
0 ranging from .65 to .87. The Kunze et a l . method was programed similar 
to that of Harada (1970). This computerized method was employed for 
calculating the conductivity at corresponding 0 values for both so ils. 
Figures 20 and 21 are the calculated results for Molokai and Wahiawa 
so ils , respectively. Both plots are comparable to those of Sharma and 
Uehara (1968). Hysteresis effects on conductivity appear to be small for 
both so ils , i
i
According to Green and Corey (1971), differences between values of 
conductivity determined by calculation methods may be attributed to the 
accuracy of the pore size distribution data. They pointed out that the 
sequence of pore size is more accurately represented by the desorption 
rather than the absorption curve.
The K(H) hysteretic relationship for ths Molokai soil can be obtain­
ed from Figures 20 and 2 for absorption and from Figure 3 for desorption.
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Figure 20. Calculated Conductivity versus Degree of Saturation from 
Absorption and Desorption Data of 
the Molokai So il.
DEGREE OF SATURATION (cc/cc)
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DEGREE OF SATURATION ( cc/cc )
Figure 21. Calculated Conductivity versus Degree of Saturation from 
Absorption and Desorption Data of 
the Wahiawa So il.
S im ila rily , K(H) can be determined for the Wahiawa soil from Figures 21 
and 4 for absorption and Figure 5 for desorption.
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IMPLICATION OF RESULTS AND SUMMARY
Soil water hysteresis, in most instances, have been neglected in 
the solution of the flow equation. Published results relating the 
hysteresis phenomenon to the water transport coefficients have been 
limited to porous medium of coarse texture. This was understandably due 
to the greater influence of hysteresis in these coarse textured mater­
ia ls . In several cases, assumed scanning hysteretic curves were used 
to compute values of unsaturated hydraulic conductivity. This was done 
primarily because methods to predict hysteretic scanning curves from 
available water characteristic data were generally unsatisfactory. How­
ever, results obtained in this study and that of Klute and G ill ham (1973) 
indicate that the model of King (1965) with modifications (Gillham, 1973) 
can make reasonable predictions of hysteretic scanning curves. In fact, 
the modified King equation appears to be well suited for the aggregated 
oxidic soil materials used here. Prediction of a family of absorption 
and desorption scanning curves was also possible for a sandy loam so il. 
The relationship between fitt in g  parameters of the model were not linear
in a ll cases, but the existence of a continuous relationship for the
\
non-linear cases may permit prediction of the necessary f it t in g  paramet­
ers to generate a family of scanning curves.
Results obtained in this study may be used in such problems as water 
redistribution after in filtra tio n . That is , i f  knowledge of the wetting 
and drying history of the soil is known, precise predictions of the rate 
of water movement in terms of soil water d iffu s iv ity  and unsaturated 
hydraulic conductivity can be made. With this predictive capability, 
timing and rate of water application for furrow, sprinkler and even drip 
irrigation can be optimized for a given distribution of water so il.
Maximum differences in water content due to the effect of hysteresis 
on the water absorption and desorption characteristics for the Molokai 
and Wahiawa soils are 5 and 7 percent, respectively. The magnitude of 
the water content differences for both soils would probably be in s ign ifi­
cant when predictions of water movement under fie ld  conditions are made.
Prediction of the experimental scanning hysteretic curves by the 
mathematical model of King (1965) and modified by Gillham (1973) was 
good for the well-aggregated Oxisols used in this study. This method 
gave accurate results as compared to the independent model prediction 
for Topp's sandy loam so il.
The major disadvantage of this method was the complex iteration 
process in which the inter-dependent fitt in g  parameter ( 3, 4>o and e ) 
were determined.
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APPENDIX A
IN SITU WATER CONTENT AND DENSITY MEASUREMENTS 
"THROUGH GAMMA-RAY ATTENUATION TECHNIQUES.
INTRODUCTION
Direct water content measurements in sta tic  soil-water characteris­
t ic  determinations and in transient water flow experiments have primarily 
been restricted to gravimetric methods. Indirect measurement of water 
content can be gained by the use of tensiometers, e lectrica l resistance 
blocks, thermocouple psychrometers, thermistors, etc. Gravimetric pro­
cedures generally result in the disturbance of the soil-water system 
during sectioning, while indirect methods must allow for lag time i f  
precise water content measurements are made. With the advent of gamma- 
ray attenuation techniques, rapid nondestructive determination of soil 
bulk density and soil-water content is now possible.
Vomicil (1954), Bernhard and Chasek (1955) and van Bavel et a l . 
(1957) were among the f ir s t  researchers to use the gamma-ray attenuation 
technique to measure soil bulk density. Later, Ferguson and Gardner 
(1962), Gurr (1962) and Davidson et a l . (1963) applied this technique to 
determine water contents in thin layers of so il.
The f ir s t  gamma-ray attenuation unit in the State of Hawaii for 
soils work was designed and fabricated by the soil physics group of the 
Department of Agronomy and Soil Science, University of Hawaii. A theore­
tica l discussion and in it ia l results related to the testing of the gamma-i
ray unit are presented in this section. Methods and techniques employed 
here are applicable to sim ilar laboratory or fie ld  instrumentation which 
are now commercially available. Potentially, such instrumentation can 
be used for in situ water content and density measurements at different 
soil depths. These determinations w ill be much more precise than those
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obtained by the neutron probe because of the better resolution of the 
collimated gamma-ray beam.
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THEORY
Fundamental principles of gamma-ray densitometry, for monoenergetic 
primary radiation are based on the attenuation equation which may be 
expressed as
I = loexp(-ypx) (la )
where I is the attenuated intensity of the gamma-ray beam, I q is the 
intensity at the source and y, p and x are the mass attenuation coeffi­
cient (cm2/g), density (g/cm )^ and thickness (cm) of the attenuating 
material, respectively.
Equation (la ) can be rewritten as 
N = NQexp(-ppx)
or ln(No/N) = ypx (2a)
where N and Nq refer to instrument photon counting rates instead of 
actual intensity. This is valid only i f  the detector recordings cor­
relate d irectly with the radiation intensity. Verifying the valid ity  
of equation (2a) is synonymous to experimentally demonstrating that a 
proportional relationship exists between ln(No/H) and p or x.
For single component systems such as pure water or dry so il, 
equation (2a) can be applied directly by substituting in the necessary 
constants. For a multicomponent system such as the one existing in 
moist so ils , the following general relationship is applicable
N = Noexp(-piPixi - P2P2X2 - . . .  - unPn^n) (3a)
where P i , . . ,n ,  p ],.. ,n  and X ],.. ,n  are the mass attenuation coefficients, 
densities and the sample thicknesses of each of the individual compo­
nents, respectively.
For moist soil packed in a plexiglas cylinder, the attenuation 
equations of interest may be expressed as
. N(. = NQexpC-y^ p^ -x^ ) (4a)
and
Nm = NQexp(-pcPcXc ‘  PsPs^s ‘  PwPw\®) 
where is the intensity through the empty plexiglas container, is 
the intensity through both moist soil and container, 9 the volumetric 
water content, and subscripts c, s and w refer to the plexiglas contain­
er, soil and water, respectively. Combining equations (4a) and (5a) 
yields
Nm = N ,^exp(-ysPsXs - y^p^x^e) (6a)
For an oven-dried so il, where 0=0, equation (6a) w ill reduce to
Nj = Ncexp(-ysPsXs) (7a )
where Nj equals the intensity of the beam transmitted through dry so il.
Given either the mean soil bulk density "pg or the mean mass attenuation 
coefficient of soil TFg, the other can be calculated by rearranging 
equation (7a) such that
ys = ln(Nc/N(i)/'psXs ' (8a)
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and ^
Ps = ln(Nc/Nd)/ysXs (9a)
The mean bulk density is determined by measuring the mass of soil 
packed in the plexiglas cylinder of known volume. The mean mass atten­
uation coefficient can be measured experimentally by varying the mean
bulk density in equation (8a).
For water alone, equation (6a) w ill reduce to
N^  = Nc6xp(-y^ p^ x^^ )^ (10a)
which on rearrangement yields
pw = ln(Nc/Nw)/pwXw (H a )
where is the.density of water and the inside dimension of the 
container. With constants Pw w^ known, the soil-water content 
can be calculated at given positions in the soil column. By combining 
equations (6a) and (7a) to yield
0 = ln(Nd/Nm)/PwPwXw (12a)
The attenuation equation assumes that the densities of the attenua­
ting materials remain constant at each position in the soil column where 
the analysis is to be made. Non-isothermal conditions and either expan­
sion or contraction of the soil-water system would result in erroneous 
data.
Equation (la ) is theoretically valid only for monoenergetic primary
radiation that is transmitted to the detector without alterations.
Gamma-ray photons interact with the sample by being either absorbed or
scattered. Absorption is characterized by the disappearance of a photon
while scattered photons are deflected from their original direction
either with or without a loss of energy. Energy changes due to either\
the photoelectric effect, Compton scattering or electron pair production 
may invalidate the assumption of a monoenergetic radioactive source 
(Kohl et a l . ,  1961; and King, 1967). In the lower energy range (less 
than 0.5 MeV), the process of importance is the photoelectric effect 
which involves the absorption of a photon with subsequent ejection of an 
atomic electron. Compton scattering predominates in the middle energy 
range of 0.5 to 1.0 MeV. In this process, an e lastic  collision occurs 
between a photon and a single electron which results in the transfer of
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energy from the former to the la tte r with the subsequent deflection of 
the photon path and the ejection of the electron from the atom. Elect­
ron pair formation involves the absorption and pairing of an incoming 
photon with an electron and giving i t  su ffic ient kinetic energy to
escape from the atom, a minimum of 1.02 MeV (Kohl et a l ., 1961) is need­
ed for the phenomena to occur. The mechanism of electron pair production
can be considered to be negligible in soil-water analysis since water
is a poor absorber of high energy gamma-rays (Ferguson and Gardner,
1962). As a consequence, radioactive sources used in water content 
measurements are limited to those emitting primary radiation in the 
middle or lower energy range. Cesium-137 satisfies this condition 
having its  primary energy peak at 0.663 MeV. In this middle energy 
range, Compton scattering is the most important of the three processes 
(Gurr, 1962).
Van Bavel et a l . (1957) emphasized that the attenuation equation
cannot be used to calculate water content in soils unless all scattered
and secondary radiation had been discriminated against through pulse
height analysis. On the other hand, Saxena et a l . (1970) suggested that
\
pulse height analysis was not required i f  long narrow s lits  were used to 
collimate the gamma-ray beam. For precise water content measurements, 
however, pulse height analysis is desirable. A method described by 
Fritton (1969) can also be used to correct gamma-ray attenuation mea­
surements for the combined effects of resolving time (the minimum time 
that the detector can separate two consecutive photons), gamma-ray scat­
tering and absorption processes.
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MATERIALS AND METHODS 
Soil
The soil used in this study was the Molokai soil which is class­
ified  as a Typic Torrox under the Order Oxisols by the United States 
Comprehensive Soil Classification System.
Instrumentation
The source of gamma radiation was cesium-137  ^ which had a strength 
of 220 mi H i curies. Selection of cesium-137 was based primarily on its  
readily ava ilab ility , long ha lf- life  (33 years) and monoenergetic peak at 
0.663 MeV. The cesium-137 source, sealed in a stainless steel capsule, 
was placed in the center of a cylindrical lead container, 16 cm in 
diameter and 16 cm in height. A rectangular s l i t ,  2 cm in width and 1 
mm in height, was cut to the center of the lead container. This allowed 
emission of a collimated beam of gamma radiation to be transmitted to a 
Nal (T I) sc in tilla tion  detector^. The crystal face’ of the detector was 
covered by a 4 cm thick lead collimator with a rectangular s l i t  measuring 
3 cm in width and 1 mm in height. This collimator minimized scattered
V
radiation from reaching the detector.
Both detector and source housing could be manually adjusted until 
the collimated gamma-ray beam was aligned. Perfect collimation was re­
flected by the maximum counting rate recorded by a ratemeter^ and
^Nuclear-Chicago Corporation, 1611 Beverly Boulevard, Los Angeles, 
California.
2lbid, Model 956.
3lbid, Model 9733.
scalar^ via a pulse height analyzer^. With the pulse-height analyzer 
set at the wide differential counting mode and a 1-volt window, the 
emitted gamma radiation lacked the necessary intensity to yie ld  adequate 
count rates for small counting times. Hence, the pulse-height analyzer 
was switched to integral mode and set to discriminate against photons 
of energy of less than 0.550 MeV. Collimation of garnma-rays permitted 
analysis of soil thickness nearly equivalent to that of the detector 
s l i t  width.
Detector and source housing were secured on a horizontal platform 
and were driven in either vertical direction by a 1/4 HP motor connected 
to a vertica lly  positioned threaded rod (Figure 22). A double throw 
e lectrica l switch controlled the positioning of both source and detector 
along the length of a stationary soil column. "Standard" counting 
measurements were made through a permanently position aluminum absorber, 
8.89 cm in diameter. These measurements were frequently repeated in 
order to check for any changes in the counting rate due to instrumenta­
tion or alignment of the collimated beam and to radioactive decay. The 
absorber also served as the holder for the vertica lly  positioned s o il ' 
column \
Correction Factor for Variation in Standard Counts
The standard count is that scalar reading (count/time) obtained 
after the collimated gamma-ray beam passes through the standard absorber
4lbid, Model 812830.
5lbid, Model 8725.
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(permanent aluminum base). Over short time intervals, the detection and 
counting equipments are re la tive ly  stable. However, significant d if­
ferences between standard count measurements may be observed.because of 
daily instrumental variations and radioactive decay of the source. A 
correction factor is required to scale the gamma-ray data of one day to 
that of another for comparison purposes. The correction factor may be 
expressed as
CF = Nistd/NZstd
where Nis^d and N2std s'"® standard counts obtained at different times. 
The scaled data reading, Ncorrected, is
Ncorrected = Nobserved/CF.
Counting Precision 
The standard deviation a of a counting rate from a random emitting 
radioactive source is approximately 
o = (N/t)l/2
where t is the counting time and N the radiation count. For our so il, 
N/t was approximately 160,000 counts/minute and one standard deviation 
was equivalent to 400 counts/minute. ,
\
Instrumentation errors depends upon the characteristics of the 
particular equipment. The error is generally small, however, i t  is 
common practice to multiply the standard diviation by a factor of 1.5 to 
2 to account for instrument error.
Calibration-curve errors must be considered subjectively since they 
depend upon the care taken in the calibration process and the degree to 
which experimental conditions are comparable to calibration conditions. 
The common practice is to regard such errors as negligible as compared
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to those arising from experimental va riab ility .
Resolving Time Correction 
The combined effects of scattering, absorption and resolving time 
tend to lower the overall accuracy of the system. Fritton (1969) des­
cribed a method in whcih the observed results could be corrected for- the 
aforementioned effects. The observed counting rate N (cpm) was corrected 
by using
R = N/[l - (T )(N )] 
where R is the true counting rate (cpm) and T the resolving time (min/ 
count). T is an experimentally determined constant which minimzes the 
deviation from linear regression for data of ln(N) versus x (thickness).
Fritton experimentally found the resolving times for soil and water 
to be almost identical, therefore, he was able to use a single T for his 
soil-water system. For our soil-water system, the resolving time was 
determined and compared using air-dried soil and d is tilled  water.
Verification of Attenuation Equation 
Water, Molokai soil and a mixture'of both were used to test the
V
\
va lid ity  of the attenuation equation for our experimental conditions.
This procedure essentially involved the test of proportionality between 
the semi-logarithm of gamma-ray intensity ratio and the variables p and 
x in the quantity pyx.
To test the attenuation equation for our experimental system and 
to determine the mass attenuation coefficient of water, a cylindrical 
plexiglas container with equally spaced partitioned compartments was 
used. The thickness of water was successively increased by f i l l in g  the 
compartments after each measurement. Nc was -taken as the in it ia l
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intensity reading through the empty container. Verification of equation 
(11a) for water would also permit the mass attenuation coefficient of 
water to be computed from the slope of ln(Nc/Nw) and x plot.
For the Molokai so il, i t  was easier to pack a cylindrical plexiglas 
varying the thickness of the sample. In accord with equation (6a), 
values of ln(Nc/Nd) were plotted against corresponding values of bulk 
densities in order to verify the proportional relationship between them. 
The final test was to establish the accuracy of the instrumentation in 
measuring soil-water content. This was accomplished by using the gamma- 
ray data to calculate the water content from equation (12a) and then 
sectioning and gravimetrically determining the water content at each 
analyzed position of the soil column.
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RESULTS AND DISCUSSION
Use of equation (2a) to measure soil density and water content is 
only valid i f  an exponential or a linear semi-logarithmic relationship 
can be shown to exist between the ratio of photon count (Nq/N) and ypx.
Counting Precision and Resolving Time 
The counts/minute variation was approximately 2a or 800 counts/ 
minute for a gamma-ray scan at a given position.
Resolving times for both soil and water were determined to be 4.9 
microseconds.
Attenuation Coefficient for Water 
When water alone was the attenuating material, a linear semi- 
logarithmic relationship between ln(Nc/Nw) and Xw with intercept of 
-0.00252 was obtained (Figure 23). With a water density of 0.9978 g/cm3 
at 22° C, the mass attenuation coefficient of water from the slope of 
the computed regression line with no resolving time correction was 
0.08062 cm2/g. Davidson et a l. (1963) ,and Kirkham et a l . (1967) reported 
uncorrected values of 0.0815 and 0.0802 cm2/g, respectively. Using 
Fritton 's (1969) correction method, a resolving time correction of 4.9 
microseconds was obtained. With resolving time correction of 9 and 5 
microseconds, Gurr (1962) and Fritton (1969) obtained mass attenuation 
coefficients of water of 0.0856 and 0.0867 cm2/g, respectively.
Grodstein (1957) reported a theoretical value for water of 0.0857 cm2/g.
Attenuation Coefficient for Molokai Soil 
Air-dried Molokai soil of less than 2 mm size was the second 
material used in testing equation (2a). A cylindrical plexiglas
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SAMPLE THICKNESS ( c m )
Figure 23. Experimental Verification of the Gamma-ray Attenuation 
Equation, with Water Thickness x as the 
Independent Variable.
container, 5 cm in height and 8,19 cm in diameter, was packed with soil 
to different bulk densities. Gamma-ray measurements were taken at 
positions 0.5 cm apart on the column. The mean ln(Nc/Nd) for each 
packing was plotted against the respective mean bulk density (Figure 24), 
and the correlation was found to be significantly linear for the uncor­
rected and corrected plots. Based on equation (8 ), the mass attenuation 
coefficient for the Molokai soil could then be calculated by dividing 
the slope of the regression line by the soil thickness (8.19 cm). Aver­
age uncorrected and corrected values of 0.07619 and 0.07785 cm^ /g were 
obtained. Mass attenuation coefficients of 0.07785 cm^ /g (Reginato and 
van Bavel, 1964), 0.0710 cm2/g (Shalhevet and Yaron, 1964) and 0.0689 
cm2/g (Kirkham et a l .,  1967) have been reported. The la tte r two values 
were uncorrected for resolving time. The disparity of values reported 
was probably due to the different mineral composition of the soils used.
Comparison of Water Content Measurements 
Based on the experimental mass attenuation coefficients for water 
and so il, the volumetric water content can be calculated by using equa- 
tion (12a). A 20 cm long plexiglas coTumn with a 8.19 cm diameter was 
packed with soil to a uniform density and partia lly  saturated with water 
by cap illa rity  for 48 hours. The volumetric water content at positions 
along the length of the column was calculated from gamma-ray attenuation 
data. The column was then sectioned and oven-dried, the results for 
both determinations were tabulated in Table 2. A mean difference of
0.0078 cc/cc was found between water contents determined from gravimetric 
and gamma-ray measurements when the resolving time correction of 4.9 
microseconds was used on the la tte r. A larger difference was noted i f
67
68
BULK DENSITY (g/cm3)
Figure 24. Experimental Verification of the Gamma-ray Attenuation 
Equation for Molokai So il, v/ith Mean Bulk 
Density, p, as the Independent Variable.
TABLE 2. -
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■ Bulk Density and Water Content measurements for Molokai 
soil with and without resolving time correction (T, ysec).
Posi tion 
(cm)
Bulk Density 
(g/cm3)
(Volumetri c Water Content (cm3/cm3)
T=0 T=4.9
5 1.2276 .5134 .5184 .5184
6 1.2431 .5149 .5154 .5188
7 1.2399 .5113 .5161 .5195
8 1.2509 .5161 .5146 .5180
9 1.2543 .5220 .5137 .5170
10 1.2573 .5170 .5133 .5166
11 1.2614 .5154 .5083 .5115
12 1.2538 .5095 .5085 .5091
13 1.2536 .5112 .5106 .5139
14 1.2518 .5194 .5066 .5099
15 1.2485 .5178 .5031 .5065
16 • 1.2360 .5098 .5101 .5135
17 1.2301 .5039 .5070 .5105
Mean 1.2468 .5140^ .5112^^ .5144^^
Stand. Dev. 0.0106 .0048 .0044 .0046
Di fference \ .00545 .00078
♦Volumetric water content obtained by sectioning of soil column. 
♦♦Volumetric water content determined by gamma-ray attenuation.
no resolving time correction was used. Discrepancies between water con­
tents at different positions were attributed to methodology. The gamma- 
ray beam scanned a 1 mm section, whereas, gravimetric determinations 
were made on 1 cm thick sections.
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CONCLUSIONS
The gamma-ray attenuation technique is another valuable tool in 
soil-water studies. Rapid and non-destructive bulk density and water 
content measurements can be made with a high degree of accuracy once 
instrument calibration and verification of the attenuation equation for 
the experimental system are complete. Use of experimentally determined 
mass attenuation coefficients rather than the theoretical values of the 
attenuating mass was desirable for precise measurement of water content 
and density.
Limitations of the system could be enumerated as follows; (1) i t  
is valid only for non-expanding porous media, (2) equipment is costly, 
and (3) considerable shielding is required for a 220 m illicurie cesium- 
137 source. Americium-241 may be a more suitable source for fie ld  work 
since i t  requires less shielding.
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APPENDIX B
TABULATION OF EXPERIMENTAL HYSTERESIS DATA
\
\
TABLE 3. -- Tabulation of Molokai Soil Experimental Hysteresis Data* 
Molokai Soil
75
-Pressure Head Vol. Water Content -Dimen. Press. Head Deq. of Sat. 
(cm) (cc/cc) (cm/cm) (cc/cc)
In it ia l Desorption Scan
0.0 .5049 0.000 .8824
39.1 .5084 1.801 .8885
61.0 .5067 2.809 .8885
80.0 .5083 3.687 .8884
93.3 .5053 4.300 .8830
107.3 .5003 4.947 .8744
120.0 .4989 5.530 .8720
132.5 .4867 6.106 .8506
150.3 .4555 6.926 .7961
176.2 .4428 8.120 .7738
199.3 .4354 9.186 .7610
Main Absorption Scan
199.3 .4354 9.186 .7610
169.8 .4398 7.827 .7686
153.3 .4411 7.065 .7709
137.2 .4534 6.324 .7924
117.1 .4586 5.398 .8014
103.5 .4695 4.768 .8205
76.8 .4828 3.538 .8438
62.5 .4898 2.880 .8560
42.5 .4958 ' 1.959 .8664
11.5 .5025 \ 0.532 .8781
4.6 .5020 0.211 .8774
0.0
Main Desorption Scan
.5016 0.000 .8766
0.0 .5016 0.000 .8766
40.0 .5022 1.843 .8777
81.3 .4998 3.747 .8734
104.6 .4959 4.820 .8667
131.8 .4675 6.074 .8170
149.8 .4539 6.903 .7933
176.2 .4428 8.120 .7740
199.2 .4354 9.200 .7610
76
Absorption Scan 1
TABLE 3, CONTINUED
149.8 .4539 6.903 .7933
134.6 .4572 6.203 .7990
120.2 .4666 5.539 .8155
.02.3 .4699 4.714 .8211
83.1 .4831 3.829 .8443
64.2 .4925 2.959 .8606
41.5 . .4991 1.912 .8723
20.9 .4984 0.963 .8711
2.4 .4979 0.111 .8702
0.0 .4988 0.000 .8717
Absorption Scan 2
130.5 .4682 6.014 .8183
114.5 .4776 5.276 .8347
94.5 .4826 4.355 .8434
71.9 .4893 3.313 .8552
53.0 .4982 2.441 .8707
30.4 .4980 1.402 .8703
11.5 .5002 0.528 .8742
0.0 .5002 0.000 .8742
Desorption Scan 1
59.5 .4960 2.742 .8669
80.8 .4919 3.724 .8597
113.1 .4892 5.212 .8550
132.5 .4690 6.106 .8195
149.8 .4623 , 6.903 .8079
157.7 .4451 V 8.097 .7738
Desorption Scan 2
89.9 .4828 4.143 .8437
108.4 .4757 4.995 .8313
126.0 .4679 5.806 .8177
143.3 .4574 6.604 .7994
158.5 .4471 7.304 .7813
*data at column position L=9 cm.
TABLE 4. -- Tabulation of Wahiawa Soil Experimental Hysteresis Data*
-Pressure Head Vol. Water Content -Dimen. Press. Head Deq. of Sat. 
(cm) (cc/cc) (cm/cm) (cc/cc)
77
In it ia l Desorption Scan
0.0 .5825 0.000 .8691
20.9 .5636 0.972 .8409
54.7 .5299 2.543 .7906
76.0 .4996 3.537 .7455
86.2 .4860 4.009 .7251
120.6 .4498 5.609 .6712
137.7 .4455 6.405 .6647
154.6 .4386 7.191 .6545
171.7 .4367 7.986 .6516
Main Absorption Scan
171.7 .4367 7.986 ' .6516
151.8 .4389 7.060 .6549
132.7 .4327 6.172 .6456
106.1 .4458 4.935 .6651
82.6 .4607 3.842 .6874
52.4 .4882 2.437 .7285
18.8 .5192 0.877 .7751
0.0 .5774 0.000 .8615
Main Desorption Scan
0.0 .5774 0.000 .8615
25.9 .5604  ^ 1.206 .8362
62.8 .5166 ' 2.921 .7709
91.4 .4774 ' 4.251 .7124
112.7 .4595 5.242 .6856
143.2 .4440 6.660 .6625
171.6 .4356 7.980 .6500
78
TADLE 4, CONTINUED
Absorption Scan 1
76.5 .4965 3.558 .7408
54.2 .5132 2.521 .7657
29.7 .5327 1,381 .7948
9.3 .5577 0.433 .8322
0.0 .5737 0.000 .8560
Absorption Scan 2
118.8 .4534 5.526 .6766
93.6 .4630 4.353 .6909
63.1 .4801 2.937 .7163
25.1 .5250 1.169 .7834
0.0 .5764 0.000 .8600
Desorption Scan 1
10.2 .5463 0.475 .8151
28.1 .5366 1.346 .8007
52.5 .5115 2.442 .7632
84.1 .4859 3.910 .7250
Desorption Scan 2
36.4 .5122 1.693 .7642
66.3 .4943 3.083 .7375
91.5 . .4725 4.254 .7050
122.9 .4557 5.717 .6800
160.7 .4424 7.473 .6601
\
★data at column position L=10 cm.
APPENDIX C 
CURVE FITTING PARAMETERS
TABLE 5. -- Curve Fitting Parameters
Molokai Soil
80
9o 6r <(>0 6 e
Absorption Scans
main .8750 .7625 -5.307 -1.802 0.0
scan 1 .8750 .7950 -4.736 -1.949 0.0
scan 2 .8750 .8188 -4.479 -2.098 0.0
Desorption Scans
main .8750 .7625 -6.620 -3.740 0.0
scan 1 .8650 .7625 -6.727 -3.634 0.0
scan 2 .8444 .7625 -6.917 -3.112 0.0
Wahiawa Soil
00 0r <i>0 B e
Absorption Scans
main .7950 .6480 -3.128 -1.240 0.0
scan 1 .7975 .6760 -2.743 -1.321 0.0
scan 2 .8175 .7400 -2.201 -1.526 0.0
Desorption Scans 
mai n . 8390 .6480 \ -4.162 -1.416 0.0
scan 1 .8150 .6480 -4.322 -1.380 0.0
scan 2 .7650 .6480 -4.863 -1.731 0.0
81
TABLE 5, CONTINUED
Sandy Loam Soil (Topp, 1969)
00 0r <1>0 6 £
Absorption Scans
main .3775 .3510 -1.015 -0.920 0.0
scan 1 .3775 .3075 -1.702 -1.050 0.0
scan 2 .3775 .2670 -1.950 -1.166 0.0
scan 3 .3775 .2390 -2.027 -0.955 0.0
scan 4 .3775 .2070 -2.177 -0.894 0.0
scan 5 .3775 .1650 -2.188 -0.735 0.0
Desorption Scans
main .3800 .1650 -4.554 -2.121 0.0
scan 1 .3350 .1650 -4.567 -1.289 0.0
scan 2 .2800 .1650 -5.083 -1.348 0.0
scan 3 .2480 .1650 -5.592 -1.581 0.0
scan 4 .2000 .1650 -6.963 -2.836 0.0
APPENDIX D
PREDICTED CURVE FITTING PARAMETERS 
FROM FIGURES 19 AND 20
TABLE 6. -- Predicted Curve Fitting Parameters from Figures 19 and 20 
Molokai Soil
____________________00___________Or_________  ^at 9r__________B____________ (j)o
Absorption Scans
scan 1' .8750 .8100 -6.375 -2.043 -4.567
scan 2' .8750 .7800 -7.500 -1.870 -4.960
Desorption Scans
scan r  .8700 .7625 -1.875 -3.680 -6.675
scan 2' .8550 .7625 -3.000 -3.470 -6.780
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APPENDIX E
FORTRAN IV PROGRAM TO CONVERT RAW GAMMA-RAY DATA TO 
WATER CONTENT. DEGREE OF SATURATION AND 
DIMENSIONLESS PRESSURE HEAD.
APPENDIX E
C DEFINITION OF INPUT VARIABLES:
C BD = BULK DENSITY
C DRYSTD = DRY STANDARD
C THETAG = INITIAL GRAVIMETRIC WATER CONTENT
C TOP = MAXIMUM COLUMN POSITION
C AL = COLUMN LENGTH
C PORE = POROSITY
C N = NUMBER OF POSITIONS
C STD = STANDARD READING
C W TO W4 = SOIL TYPE AND HISTORY
C Z = DECISION VARIABLE. SATURATED—Z=0.0; UNSATURATED—Z=9.9
C HH = PRESSURE HEAD
C X = COLUMN POSITION
C DRY = DRY SOIL ATTENUATED INTENSITY ("WET" FOR WET SOIL)
C INTIAL = INITIAL VOLUMETRIC WATER CONTENT
C T = RESOLVING TIME
C ATTW = ATTENUATION COEFFICIENT OF WATER ("ATTS" FOR SOIL)
C TX = INSIDE DIAMETER OF SOIL COLUMN
DIMENSION ADRY(20),X(20),DRY(20),AWET(20),WET(20),THETA(20),
1 DTHETA(20),HEAD(20),DHEAD(20),T3(100),T5(100),T6(100),
2 T7(100),T8(100),T9(100),S3(100),S4(100),S5(100),S6(100).
3 S7(100),S8(100),S9(100)
REAL INTIAL
K=0
85
READ (5,1) BD, DRYSTD, THETAG, ATTS, TOP, AL, PORE
1 F0RMAT(7F10.0)
T=0.81667E-07 
ATTW=0.08232 
TX=8.19
INTIAL=BD*THETAG 
17 CONTINUE
READ (5,2) N, STD
2 F0RMAT(I3,7X,F10.2)
EN=FLOAT(N)
C N=99 IS THE CONDITION CODE TO START COMPILING POSITION DATA.
IF (N.EQ.99) GO TO 18 
READ(5,3) W, Wl, W2, W3, W4
3 FORMAT(5A4)
READ(5,4) Z, HH
4 F0RMAT(F10.0/10.0)
XX=HH + TOP 
CR=DRYSTD/STD 
A=ATTW*TX 
SUM=0.0 
SSUM=0.0
IF (K.GT.O) GO TO 100 
DO 6 1=1 ,N
READ(5,5) X ( I) ,  ADRY(I)
5 F0RMAT(2F10.0)
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APPENDIX E, CONTINUED
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C CORRECTION FOR RESOLVING TIME
6 DRY(I)=ADRY(I)/(1.0 - (T*ADRY(I)))
100 CONTINUE
DO 9 1=1,N 
READ (5,7) AWET(I)
7 FORMAT (10X,F10.0)
WET(I)=AWET(I)/(1.0 - (T*AWET(I)))
B=ALOG(DRY(I)/WET(I)*CR))
THETA(I)=B/A + INTIAL
C THETA = CALCULATED WATER CONTENT
DTHETA.( I )=THETA( D/PORE 
C DTHETA = DIMENSIONLESS WATER CONTENT
C IF Z EQUAL ZERO THEN CALCULATED STANDARD DEVIATION AMONG POSITIONS.
IF (Z.EQ.9.9) GO TO 8 
SUM=SUM + THETA(I)
SSUM=SSUM + THETA(I)**2
\
8 CONTINUE y •\
HEAD(I)=XX - X (I)
DHEAD(I)=HEAD(I)/AL .
C HEAD = PRESSURE HEAD; DHEAD = DIMENSIONLESS PRESSURE HEAD.
IF (HEAD(I).GT.O.O) GO TO 9 
HEAD(I)=0.0
9 CONTINUE
IF  (Z.EQ.9.9) GO TO 10 
SS=SSUM - SUM**2/EN
87
APPENDIX E, CONTINUED
ST=SQRT(SS/(EN - 1.0))
STDE=ST/(SQRT(EN))
10 AVER=SUM/EN
C OUTPUT SECTION OF THE PROGRAM.
WRITE (6,11) W, Wl, W2, W3, W4, HH
11 FORMAT Cl'.lOX,'CALCULATIONS OF THETA',5X,5A4,5X,'HEAD AT TOP
1 OF COLUMN = ',F6.2////T6,'POSITION',T21,'HEAD',T28,'THETA',
2 T42,'DRY',T56,'WET',T70,'ORIGINAL READINGS',T91, 'HEAD',T100,
3 'DTHETA',T109,'POSITION')
DO 13 1=1,N
WRITE (6,12) X ( I ) ,  HEAD(I), THETA(I), DRY(I), WET(I), ADRY(I),
1 AWET(I), DHEAD(I), DTHETA(I), X (I)
12 FORMAT (T3,F10.1,T18,F7.2,T28,F6.4,T38,F10.2,T51 ,F10.2,T64,
1 F10.2,T77,F10.2,T91,F6.2,T100,F6.4,T109,F6.1)
13 CONTINUE
IF  (Z.EQ.9.9) GO TO 15 
WRITE (6,14) ST, STDE,. AVER
14 FORMAT (///' ' ,20X,'STANDARD DEV. = ',F10.4,lOX,'STANDARD ERROR =',
1 F10.4///20X,'AVERAGE THETA VALUE = ',F10.4)
15 CONTINUE
16 FORMAT (///21X,'INPUT CONSTANTS' //I5X,'ATTW = ',F6.4/15X,'ATTS =',
1 F6.4/15X,'SAMPLE LENGTH = ',F5.3/15X,'STD OF WET SOIL =',F10.2/
2 15X,'STD OF DRY SOIL = ',F10.2/15X,'N = ',I3/15X,' INITIAL
3 GRAVIMETRIC WATER CONTENT = '.F6.4/15X,'POROSITY =',F6.4)
WRITE (6,16) ATTW, ATTS, TX, STD, DRYSTD, N, THETAG, PORE
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C THIS POPJION OF THE PROGRAM SEPARATE DTHETA WRT DHEAD FOR 7
C DIFFERENT COLUMN POSITIONS.
K=1 + K
T3(K)=DTHETA(3)
T4(K)=DTHETA(4)
T5(K)=DTHETA(5)
T6(K)=DTHETA(6)
T7(K)=DTHETA(7)
T8(K)=DTHETA(8)
T9(K)=DTHETA(9)
S3(K)=DHEAD(3)
S4(K)=DHEAD(4)
S5(K)=DHEAD(5)
S6(K)=DHEAD(6)
S7(K)=DHEAD(7)
S8(K)=DHEAD(8)
S9(K)=DHEAD(9) \
GO TO 17
18 CONTINUE
WRITE (6,19) X(3)
19 FORMAT Cr,20X,'DIMENSIONLESS HEAD VS DEGREE OF SATURATION//
1 ■ POSITION',F5.1///' ',T10,'HEAD',T30,‘THETA')
DO 21 1=1 ,N
WRITE (6,22) S3 (I),  T3(I)
22 FORMAT ( ' ' ,T5,F10.3,T30,F7.4)
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21 CONTINUE
WRITE (6,19) X(4)
DO 23 1=1,K
WRITE (6,22) S4 (I), T4(I)
23 CONTINUE
WRITE (6,19) X(5)
DO 24 1=1,K
WRITE (6,19) S5 (I),  T5(I)
24 CONTINUE
WRITE (6,22) X(6)
DO 25 1=1,K
WRITE (6,22) S6 (I), T6(I)
25 CONTINUE
WRITE (6,19) X(7)
DO 26 1=1,K
WRITE (6,22) S 7 (I),  T7(I)
26 CONTINUE
WRITE (6,19) X(8)
DO 27 1=1 ,K
WRITE (6,22) S8 (I), T8(I)
27 CONTINUE
WRITE (6,19) X(9)
DO 28 1=1,K
WRITE (6,22) S9 (I),  T9(I)
28 CONTINUE 
STOP
\
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END
\
\
\ .
APPENDIX F
FORTRAN IV PROGRAM TO CALCULATE THE 
CURVE FITTING PARAMETERS.
APPENDIX F
DIMENSION THETA(50), PHI(50), THETAC(50)
C DEFINITION OF VARIABLES:
C THETA IS THE EXPERIMENTAL WATER CONTENT
C THETAC IS THE CALCULATED WATER CONTENT
C E, PHIO, BETA ARE CURVE FITTING PARAMETERS
C PHI IS THE PRESSURE HEAD READ IN AS A POSITIVE VALUE
C THETAO AND THETAR ARE END POINTS OF THE SCANNING CURVE
C (WATER CONTENT VALUES)
17 CONTINUE
READ (5,2) Nl, A 
C A*N1 IS THE LOWER BOUND OF E AND A*KA THE UPPER BOUND
C END OF DATA SET WHEN READ 99 CARD
IF (A.GT.lOO) GO TO 16 
READ (5,2) N3, C 
C B*N2 IS THE LOWER BOUND OF PHIO AND B*KB THE UPPER BOUND
READ (5,2) N3, C 
C C*N3 IS THE LOWER BOUND OF BETA AND C*KC THE UPPER BOUND
2 FORMAT (I10,2F10.0)
READ (5,25) KA, KB, KC
\
25 FORMAT (3110)
C XYZ IS THE LENGTH OF THE COLUMN. IF THE PRESSURE HEAD IS READ
C IN AS THE DIMENSIONLESS FORM THEN LET XYZ = 0.0
READ (5,30) XYZ 
30 FORMAT (FIO.O)
READ (5,5555) N, THETAO, THETAR
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C N IS THE NUMBER OF THETA OR PHI VALUES
5555 FORMAT (I3,7X,2F10.0)
READ (5,3) (THETA(I), 1=1,N)
READ (5,3) (P H I(I) , I=1,N)
DO 51=1 ,N
IF (XYZ.EQ.0.0) GO TO 55 
PHI(I)=-PHI(I)/XYZ 
C CHANGING PHI TO NEGATIVE VALUES AND TO THE DIMENSIONLESS FORM
GO TO 5 
55 PHI(I)=-PHI(I)
5 CONTINUE
3 FORMAT (8F10.0)
WRITE (6,21)
21 FORMAT C l ',/ / / ' LEAST SQUAREM3X,'EM8X,'PHI0',18X,'BETA'///)
C CALCULATION OF GAMMA
GAMMA=(THETAO-THETAR)/ (THETAO+THETAR)
C COMBINATION OF E, PHIO AND BETA FITTING PARAMETERS
\
SSUM2=0.0
DO 50 I=KA,N1 ,
\ .
C N1=N0. OF E COUNTS
JJ=I-1 
E=FLOAT(JJ)
C0SHE=0.5*(EXP(E)+EXP(-E))
CONST=COSHE*GAMMA 
DO 40 I2=KB,N2
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C N2=N0. OF PHIO COUNTS
PHI0=B*FL0AT(I2)
DO 10 I3=KC,N3 
C N3=N0. OF BETA COUNTS
BETA=C*FL0AT(I3)
C CALCULATION OF THETAC WITH INPUT AND FITTING PARAMETERS
SSUM=0.0 
DO 14 K=T,N 
C N=NO. OF PHI AND THETA DATA
IF (PHI(K).GE.O.O) GO TO 11 
C PHI IS NEGATIVE AND DIVISION BY ZERO IS UNDEFINED
XPHI=PHI(K)/PHIO 
X=XPHI**BETA+E 
IF (X.GT.174.0) GO TO 10 
C0SHX=0.5*(EXP(X)+EXP(-X))
C CALCULATED VALUES OF THETA.. .THETAC
THETAC(K)=THETAO*(COSHX-CONST)/(C0SHX+CONST)
GO TO 12
11 THETAC(K)=THETAO
C SOLVING FOR BEST FIT CURVE USING LEAST SQUARES METHOD
12 DIFF=THETA(K)-THETAC(K)
SQUARE=DIFF**2
14 SSUM=SSUM+SQUARE
IF (SSUM2.lt .SSUM) GO TO 15 
WRITE (6,1) SSUM, E, PHIO, BETA
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1 FORMAT (1X,E16.8,3F15.4)
GO TO 20
15 WRITE (6,4) SSUM, E, PHIO, BETA
4 FORMAT (1X,E16.8,3F15.4,'@@@@@')
20 CONTINUE
SSUM2=SSUM 
10 CONTINUE
40 CONTINUE
50 CONTINUE
GO TO 17
16 CONTINUE 
STOP 
END
